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O ■ The structure of the MSSM is reviewed. We first motivate the particle content of the 

^ \ theory by examining the quantum numbers of the known standard model particles and by 

I the requirement of anomaly cancellation. 
p • Once the particle content is fixed we can write down the most general renormalizable 

p • superpotential. However such a superpotential will contain terms breaking lepton and baryon 
D ! number which leads us to the concept of R-parity conservation. 

\ The question of supersymmetry breaking is discussed next. We hst the possible soft 

\ breaking terms. However the Lagrangian involving the most general soft breaking terms is 
^ ■ phenomenologically intractable because of the appearance of the many new parameters. It 
. also leads to some unacceptable predictions. To reduce the number of parameters we restrict 
ourself to the case with universal soft breaking terms at the GUT scale. We motivate 
the need for universal soft breaking terms by the apparent unification of gauge couplings 
in the MSSM and by the absence of flavor changing neutral currents. Then we discuss 
radiative electroweak symmetry breaking. Radiative breaking arises because the one loop 
corrections involving the large top Yukawa coupling change the sign of the soft breaking 
mass parameter of the up- type Higgs doublet, this way introducing a nontrivial minimum in 
the Higgs potential. 

Finally we give an overview of the possible mixings in the MSSM and enumerate the 
physical (mass eigenstate) fields together with the mass matrices. 
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1 Introduction 



The Standard Model (SM) of particle physics enjoys an unprecedented success: up to now 
no single experiment has been able to produce results contradicting this model. Particle 
theorists are nevertheless unhappy with this theory. The most important features of the SM 
that are technically allowed but nevertheless theoretically unsatisfying are the following: 

a. There are too many free parameters 

b. The SU(2)(S)U(1) group is not asymptotically free 

c. Electric charge is not quantized 

d. The hierarchy problem. 

While the first three problems can be taken care by introducing grand unification, the mys- 
tery of the hierarchy problem remains unsolved in GUT's as well. The hierarchy problem is 
associated with the presence of elementary scalars (Higgs) in the SM. The problem is that in 
a general QFT containing an elementary scalar the mass of this scalar would be naturally at 
the scale of the cutoff of the theory (if the SM were the full story then the Higgs mass would 
be naturally of 0{Mpi)) due to the quadratically divergent loop corrections to the Higgs 
mass. If one wants to protect the scalar masses from getting these large loop corrections 
one needs to introduce a new symmetry. The only known such symmetry is supersymmetry 
(SUSY), which relates fermions and bosons to each other .0 

In this paper we will review the minimal extension of the SM that includes SUSY, the 
Minimal Supersymmetric Standard Model (MSSM) |, |, g |, §. We will assume that 
the reader is familiar with both the structure of the SM and with N=l global SUSY. 

The paper is organized as follows: Section 2 discusses the particle content of the MSSM 
together with the most general renormalizable superpotential. The need for R-parity is also 
shown here. The possible form of SUSY breaking terms is described in Section 3 together 
with the phenomenological constraints (and theoretical biases) on these SUSY breaking 
terms. That section will be closed with a discussion of radiative electroweak symmetry 
breaking. In Section 4 we present the possible mixings in the MSSM together with the mass 
matrices. Finally we conclude in Section 5. We did not attempt to give a comprehensive 
list of references of the subject. More complete references on the MSSM can be found in 

1 B i ii- 

2 Particle content and superpotential 

The SM is a spontaneously broken SU(3)®SU(2)®U(1) gauge theory with the matter fields 
being 

^Another way of solving the hierarchy problem is to assume that the Higgs is not an elementary scalar 
but a bound state of fermions, which idea leads to technicolor theories. 
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where i is the generation index, L and R refer to left and right handed components of 
fermions and the numbers in parenthesis are the SU(3)(8>SU(2)(8>U(1) quantum numbers. 

The MSSM is an extension of the SU(3)®SU(2)® U(l) gauge theory with N=l SUSY 
(which will be broken in a specific way, see Section 3). 

The rules of building N=l SUSY gauge theories are to assign a vector superfield (VSF) 
to each gauge field and a chiral superfield (xSF) to each matter field. The physical particle 
content of a VSF is one gauge boson and a Weyl fermion called gaugino, and of the xSF 
is one Weyl fermion and one complex scalar P, ^. The VSF's transform under the adjoint 
of the gauge group while the x^F's can be in any representation. Since none of the matter 
fermions of the SM transform under the adjoint of the gauge group we can not identify them 
with the gauginos. Thus we have to introduce new fermionic SUSY partners to each SM 
gauge boson. 

If we now look at the matter fields of the SM listed above we see that the only possibility to 
have two SM fields as each others superpartner would be to have H = iT2H* as a superpartner 
of L. However this is phenomenologically unacceptable since L carries lepton number 1, while 
H lepton number 0, and the superpartners must carry the same gauge and global quantum 
numbers. Thus we conclude that we have to introduce a new superpartner field to every 
single field present in the SM: scalar partners to the fermions (called sleptons and squarks), 
fermionic partners to the Higgs (Higgsino) and gauge bosons (gaugino). 

However we can see that we have introduced one extra fermionic SU(2) doublet Higgs 
with SU(3)® SU(2)®U(1) quantum numbers (1,2,|). This is unacceptable because of the 
Witten anomaly and because of the U(l) anomaly that it causes. Thus we need to introduce 
one more SU(2) doublet with opposite U(l) charge. The need for this second Higgs doublet 
can also be seen in a different way: in the SM one needed only one Higgs doublet to give 
masses to both up and down type quarks, because one was able to use both H and H in 
the Lagrangian. However in SUSY theories the superpotential (the only source of Yukawa 
interactions between only matter fields and its partners) must be a holomorphic function of 
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Table 1: The xSF's of the MSSM with their gauge and global quantum numbers, i = 1, 2, 3. 

the fields thus both H and H can not appear at the same time in the superpotential [Q. 
This again calls for the need of two Higgs doublet xSF's, one with the quantum number of 
H, the other with the quantum numbers of H. The final resulting xSF content of the MSSM 
is given in table 1. (We use the conjugate fields f7, D, E because in the superpotential we 
can not use conjugation anymore.) 

Once the particle content is fixed one can try to write down the most general renor- 
malizable Lagrangian for this N=l SUSY SU(3)®SU(2)(8)U(1) theory. It is known from the 
structure of N=l SUSY gauge theories that the Lagrangian is completely fixed by gauge 
invariance and by supersymmetry, except for the choice of the superpotential, which could 
contain all possible gauge invariant operators of dimensions not greater than 3. In our case 
this means that 



The terms in the first pair of parenthesis correspond to the SUSY extension of the ordinary 
Yukawa interactions of the SM and an additional term ( "/i-term" ) breaking the Peccei-Quinn 
symmetry of the two doublet model. However the terms is the second pair of parenthesis 
break baryon and lepton number conservation. Thus as opposed to the SM where the 
most general renormalizable gauge invariant Lagrangian automatically conserved baryon 
and lepton number, here one has to require some additional symmetries to get rid of the B 
and L violating interactions that are phenomenologically unacceptable. 

The easiest way to achieve this is to introduce R-parity and require R-parity conserva- 
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tion.0 Under R-parity 



which means that 



Hi, H2 Hi, H2, 

Q,U,D,L,E -{Q,U,D,L, E) 

e -e. 



(ordinary particle) (ordinary particle) 

(superpartner) — > — (superpartner). 



(2.3) 



(2.4) 



Note that this Z2 group is a subgroup of a U(l)ij symmetry where the R-charges of the x^F's 
are: 



R = l for Hi,H2 

R = - for L,E,Q,U,D. 
2 



(2.5) 



However the imposition of the full U(l)i^ symmetry forbids Majorana masses for the gauginos 
which are phenomenologically needed. There are two possible solutions to this problem. One 
could impose only the Z2 subgroup, R-parity, which forbids the B,L violating terms in the 
superpotential, but allows for gaugino mass terms.0 If however one imposes the full U(1)r 
symmetry then this symmetry has to be spontaneously broken to its Z2 subgroup leading 
to complications with the resulting Goldstone boson. We will not discuss this possibility 
further here. In both cases however R-parity is an unbroken symmetry of the theory. 

As a consequence of R-parity conservation superpartners can be produced only in pairs, 
implying that the lightest superpartner (LSP) is stable if R-parity is exact. Most of the 



experimental detection modes of SUSY are based on this fact [10 



3 SUSY breaking, radiative breaking of SU(2)(8)U(1) 

In the previous section we have seen the particle content and the superpotential of the 
MSSM. However we know that this can not be the full story for two reasons: 
-SUSY is not yet broken 

■^One could forbid the appearance of the B,L breaking terms by imposing different symmetry requirements. 
For example a Z2 subgroup of B(g)L known as matter parity could achieve this goal as well. The point is 
that once those terms are absent R-parity will necessarily be a symmetry of the Lagrangian. 

^R-parity as defined in eq. 2.3 is actually Z2 subgroup of the continous R-symmetry of 2.5 combined with 
a baryon and lepton number transformation. The value of the R-parity can be given by i? = (_i)3B-i-l-i-2S^ 
where B is the baryon number, L the lepton number and S the spin of a given particle. 
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-SU(2)(g)U(l) is not yet broken. 
First we discuss SUSY breaking. SUSY was invented to solve the hierarchy problem. However 
SUSY can not be an exact symmetry of nature since in this case many of the superpartners 
should have been observed by experiments. One has two possibilities for SUSY breaking, 
either explicit or spontaneous breaking. While theoretically spontaneous breaking of SUSY 
is much more appealing, one nevertheless has to rule out this possibility in the context of 
MSSM. To see the reason behind this we have to examine the scalar quark mass matrix in 
detail fill]. The most general scalar mass matrix in N=l SUSY gauge theories is given by 



abc ~^ 2'^°"^'^°"^ 



(3.1) 



where Wa 



aw I 



etc. and Da = ga(i)^°'Tat(l)b, Do 



dDo. I 



etc., 



W is the superpotential, the 0a's are the complex scalars of the x^F's, the are the gauge 
couplings, and the T^^'s are the generators of the gauge group in the representations of the 
xSF's. 

Specifying this matrix to the squarks we note that since all the squark VEV's must vanish 
(so as color and electric charge are unbroken symmetries) D'^ = for the squarks. On the 
other hand quarks get their masses solely from the superpotential thus W"'^Wbc is nothing 
but the square of the quark mass matrix m. Since electric charge and color are not broken 
one needs to have Di = D2 = ^ (where 1 and 2 here are SU(2) indices) and Z)j = (z = 1, ...8 
of SU(3)). Thus the only possible non- vanishing D-terms are D^ and Dy- Therefore the 
squark mass matrices can be written in the form 



^1/3 



"^2/3^^/3 + HqDz + \9'Dy)1 a 

At mj/gms/s - Ig'Dyl 



for the charge 2/3 squarks and 



(3.2) 



^1/3 



"il/3"^i/3 + 



-\gD^ + \g'DY)l 
A't 



A' 



1/3 



+ Ig'Dyl 



(3.3) 



Here mi/3 and m2/3 are the 3 by 3 quark mass matrices in 



M|y3 and M^^g are thus 6 by 6 matrices for the 3 generations of left and 



for the charge -1/3 squarks 
generation space 

right handed squarks. The exact form of A and A' is not important for us. One may notice 
that (as a consequence of the tracelessness of the group generators) the sum of the D-terms 
appearing in the two squark matrices is zero. Therefore at least one of the appearing D-terms 
is non-positive. Assume for example that \gD^ + ^d'^y — ^- -^^^ normalized 
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eigenvector of the quark mass matrix m2/3 corresponding to the smallest eigenvalue tuq we 
get that 

(/^^0)^2/3( ) ^"^0- (3.4) 

Therefore there must be a charged scalar state with mass less than the mass of either the u 
or d the quark which is experimentally excluded. 

Thus we conclude that we need to introduce explicit SUSY breaking terms in order to 
circumvent the previous argument. However these terms must be such that the solution of 
the hierarchy problem is not spoiled. Such terms are called soft SUSY breaking terms, and 
those are the terms that do not reintroduce quadratic divergences into the theory. 

The philosophy behind these soft breaking terms is the following: there is a sector of 
physics that breaks SUSY spontaneously. This is at much higher energy scales than the 
weak scale. SUSY breaking is communicated in some way (either through gauge interactions 
or through gravity) to the MSSM fields and as a result the soft breaking terms appear. One 
popular implementation of this idea is to break SUSY spontaneously in a "hidden sector" , 
that is in a sector of fields that do not interact with the SM particles ( "visible sector" ) except 
through supergravity which will mediate the SUSY breaking terms to the visible sector. This 
mechanism with minimal supergravity generates universal soft breaking terms for the visible 
sector fields at the Planck scale. 

Thus one has to handle the MSSM as an effective theory, valid below a certain scale (of 
new physics), and the soft breaking terms will parametrize our ignorance of the details of 
the physics of the SUSY breaking sector. 



The most general soft SUSY breaking terms are [|T^ 

i. gaugino mass terms 

ii. scalar mass terms 

iii. scalar quadratic and trilinear interaction terms. 

Thus if one wants to implement this program consistently one has to add a separate 
mass term for each scalar and gaugino and add each quadratic and trilinear interaction term 
appearing in the superpotential with different coefficients to the Lagrangian: 



+ E A^KiQ'H^W + E A'iXi^Q^H^D^ + E Ai^Xi^VH.E^ + h.cA (3.5) 

ij ij ij / 

This would mean that we introduce 17 new real and 31 new complex parameters into the 
theory. There are two major problems with this: 

-not every set of (m^, Mi,B, A]^) parameters is allowed by phenomenology 
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Figure 1: Diagrams contributing to — mixing in the SM. 

-there are too many new parameters to handle the phenomenology. 

Let's first see what the requirements for the soft breaking parameters are. The two most 
serious restrictions come from the requirements that 

1. large flavor changing neutral currents (FCNC) and lepton number violations are absent 

2. the theory should not yield too large CP violation. 

One can easily understand why a general set of soft breaking parameters introduces large 
FCNC's. Let's look at the — mixing. In the SM one gets contributions from the 
diagrams shown in Fig. 1. However in the MSSM one has additional contributions from the 
diagrams of Fig. 2, where the intermediate lines are now gauginos and squarks, and the cross 
denotes the soft breaking squark masses. In Fig. 2. the usual CKM factors appear at the 
vertices. Thus the leading part of this diagram is proportional to V^M^V, where V is the 
CKM matrix. The succesfull implementation of the GIM mechanism in the SM in — 
mixing is based on the fact that the diagrams are proportional io VW = 1. However if 
is an arbitrary matrix then V^M'^V ^ 1. Thus we can see that in order to maintain the 
successfuU GIM prediction in the MSSM one has to require that m^l, that is squarks 

must be nearly degenerate. 

Very similar arguments hold for the // — > 67 process which will result in the need of 
nearly degenerate sleptons. 

The second constraint on the soft breaking terms comes from the fact that the SM can 
account for all the measured CP violation. Thus there is no need for extra sources of CP 
violation in the MSSM, therefore it is usually assumed that the soft breaking parameters are 
real. 

Thus we have seen what the phenomenological constraints on these soft breaking param- 
eters are. Now we present a set of assumptions that satisfy these constraints and at the same 
time highly reduce the number of free parameters of the model: 
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Figure 2: Additional diagrams contributing to K'^ — mixing in the MSSM. 

1. Gaugino unification (common mass for the gauginos at the Planck scale) 

2. Unification of soft masses (common soft breaking mass terms for the scalars at the 
Planck scale) 

3. Unification of the soft breaking trilinear coupligs A^^ (common trilinear soft breaking 
term for each trilinear term at the Planck scale) 

4. All soft breaking parameters are real. 

As one can see these assumptions greatly reduce the number of independent free parameters 
of the theory. However one has to stress that these are just assumptions, with no solid 
basis of origin. The strongest argument in favor of these assumptions is that if one takes 
a supergravity theory in which SUSY is broken in a hidden sector and SUSY breaking is 
communicated to the visible sector by gravity then one gets fiavor independent mass terms, 
real universal A-terms at the Planck scale and real gaugino masses, provided one assumes 
that the Kahler potential of the supergravity theory is minimal. 

The argument for gaugino unification is the following. It is experimentally indicated that 
gauge couplings do unify in the MSSM . However the 1-loop RGE for the gaugino masses 



is given by |§[ 

|(^).0, .^1,2,3 *^log(^). ,3.6) 

Here = gf/4:TT, gi are the gauge couplings and Mj the gaugino masses. The ratios of 
gauge couplings to gaugino masses are scale invariant. Thus if gauge couplings unify so must 
the gaugino masses. 

If one accepts these arguments then the independent soft breaking terms are Aq, mo, B 
and Ml/2 (at the Planck scale), and the soft breaking Lagrangian at the Planck-scale is given 
by 
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-Csoft\Mp=ml ^ 102^ + 



Ml/2 E XiXi-BfiHiH2+ 



j=l,2,3 



+ Ao(E X^Q'H^U^ + E \WHi& + E K'L'H.E^) + h. 



(3.7) 



and the Lagrangian at the weak scale can be obtained by running down these universal 
parameters from the Planck-scaleQ to the weak scale. This procedure will yield sufficiently 
degenerate squark and slepton masses, and if the soft breaking terms are real at the Planck 
scale then they will not obtain imaginary parts at the weak scale either. Therefore the 
above assumptions do satisfy the phenomenological constraints and at the same time they 
greatly increase the predictive power of the theory. Often these assumptions about the soft 
breaking terms are assumed to be part of the definition of the MSSM. However one can 
not overemphasize the fact that these assumptions are ad hoc and need not necessarily be 
satisfied. 

In the remainder of this Section we will discuss the breaking of SU(2)(S)U(1). The Higgs 
potential without soft breaking terms is given by 

VsusriHi, H2) = fi^m'' + \H2\') + ^{Hlm + i^lriJs)' + yl^^l^i - ^1^2)'. (3.8) 

The minimum of this potential is at (Hi) = {H2) = 0, thus we need to incorporate the soft 
breaking terms to get electroweak breaking. The full Higgs potential at the Planck (GUT) 
scale is 

ViH,,H2)\GUT = {fi' + ml){\H,\' + \H2\')-Bfi{H,H2 + h.c.) + 

+ ^iHlm + HlTH2? + Y(HlH,-HlH2Y. (3.9) 

This potential still does not break SU(2)c?>U(l). This can be seen in the following way: in 
order to have a nontrivial minimum of the Higgs potential 

ml^\Hi\^+ml.^\H2\^-ml^{HiH2+h.c) + ^^{HlfHi+Hl^^^ (3.10) 
the quadratic coefficients have to fulfill the following inequalities: 

Wi2?>T^Hm]j (3.11) 



^ Usually the Planck-scale and the GUT-scale are not distinguished and it is common to assume that |3^ 
is still valid at the GUT-scale « 10^^ GeV. 
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The first inequality is required so that the potential remains bounded from below for the 
equal field direction Hi = H2, while the second is required so that the quadratic piece has 
a negative part enabling a nontrivial minimum. We can see that the potential in eq. p.9| 
can not fulfill both inequalities at the same time thus electroweak symmetry is not broken 
at the tree level. However radiative corrections can change this situation. To calculate these 
radiative effects one needs to evaluate the one loop effective potential: 

Vl-loop = VtreeiA) + AV^iA), (3.12) 

where Vtree is the tree level superpotential with running parameters evaluated at a scale A 
and AVi is the contribution of one loop diagrams to the effective potential evaluated by the 
method of Coleman and Weinberg. The running of the parameters in the tree level potential 
is generated by the one loop RGE's. Vtree + AVi is A independent up to one loop order. If 
we choose the scale A to be close to the scale of the masses of the particles of the theory 
(in our case A ~ Myjeak) AVi will not contain large logarithms, thus the leading one loop 
effects will arise due to the running of the parameters of the tree level potential between 
the Planck and the weak scale. To estimate the running effects on the Higgs parameters we 
neglect all Yukawa couplings with the exception of the top Yukawa coupling (this is the only 
large Yukawa coupling so it is reasonable to assume that the largest effects will be caused 
by it). Then the RGE's for the soft breaking mass terms of the scalars participating in the 
top Yukawa coupling of the superpotential are 0: 

^ = \9lMl + 3glMl - 3A?(m^ + A]) 

^ = S^i^i + y^3^3 - 2A?(m^ + Al) 

2 

= ^^glM^i + SglMl + ^gjM^ - A?(m^ + Af), (3.13) 

where = mj^^ + m? + t^q^, t = log ^^^^"^ , A is the energy scale, gi are the gauge 
couplings. At the soft breaking trilinear parameter corresponding to the top Yukawa coupling. 
Mi the gaugino masses and \t the top Yukawa coupling. 

One can see that the contributions of the gauge and Yukawa loops are independent of 
each other and the contributions of the gauge loops are independent of the soft breaking 
masses mf. Thus one can solve eq. |3.13| by setting the gauge couplings to zero and at the 



end add the gauge contribution to the resulting solution. Therefore one has to solve the 
following equation: 

ml I - X^Al I 2 I . (3.14) 





2 



J3 
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This differential equation can be solved easily if one neglects the running of of At and At. 
The solution corresponding to the universal boundary condition at t = (A = Mqut) 

^2 t Q3 



m'jj = m- = = ml in the hmit t — oo is given by 



m} = 

= (3-15) 

Thus we can see that the radiative corrections due to the top Yukawa couphng want to 
reverse the sign of the soft breaking mass parameter of the up-type Higgs, which is enough 
to satisfy the conditions for electroweak breaking of eq. |3.11| at the weak scale. The gauge 
loops will yield additional positive contributions proportional to My 2, and the solution to 
|3.14| is more complicated if one takes the running of Xt and At into account. However the 



most important feature of the solution in 3.15 is unchanged: appropriate choices of the 



input parameters Mi/2,mQ, Aq and will drive the soft breaking mass parameter of the 
up-type Higgs (and only of the up-type Higgs) negative which will result in the breaking of 
electroweak symmetry. This mechanism is called radiative electroweak breaking. 

Thus as we have seen loop corrections usually modify the Higgs potential such that at the 
weak scale SU(2)® U(l) is spontaneously broken. However it is not enough to require that 
the symmetry is broken, it has to reproduce the correct SM minimum. The Higgs potential 
at the weak scale can be written as 



^(i/JriJi + ElrE^f + ^^{E\E^ - ElE.f. (3.16) 
The VEV's of the Higgs doublets are 

- ( ° ) ■ ^ ( ) • 

and we define tan/5 = ^2/^1, v"^ = v\ + Minimizing the Higgs potential we find that to 
fix the W,Z masses at their experimental values it is necessary that p 



^ tan2/3-l 2 ^ 

(m|,^+ml,^ + 2/i^)sin2/3 
B = , (3.18) 
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where all parameters are to be evaluated at the weak scale. 

With this we are now able to determine the free parameters of the MSSM. In the soft 
breaking sector we had ttiq, M1/2, Aq and B. In the Higgs sector we have fj, and tan/3, and 
since the top mass is experimentally not well measured and At tends to run to an IR fixed 
point at Mz, Af (Mc) is basically an unknown parameter of the theory as well. However from 
eq. |3.18| /i^ and B are determined (but not the sign of fi). Therefore the MSSM with R- 



parity, universal soft breaking parameters and radiative electroweak breaking is determined 
by 5+1 parameters: mo, M1/2, Aq, tan P, Af and the sign of /i. 



4 Sparticle masses 

In this section we present the possible mixings between the superpartner fields and list the 
tree level mass matrices |jl], ^, |14|. 



4.1 Sfermions 

In principle one must diagonalize 6 by 6 matrices corresponding to the mixing of the L and 
R scalars of the 3 generations. To simplify this we neglect intergenerational mixings and 
take only L-R mixing into account. 

4.1.1 Squarks 

The mass matrices in the L-R basis are for each generation of up-type scalars is 

2 ^ / m| + m2 + (i-|sin2^w^)D m„(A„ - /i cot /3) \ 

^ m^{A^- 12 cot (3) ml + ml + lsin^ewD J ' ^"^ 

where the mass parameters with a tilde refer to the soft breaking squark mass parameters 
while the mass parameters without tilde are the ususal quark masses, D = M| cos 2/3. 
The down-type mass matrix is 



''i.-R y md{Ad- tan (3) m'^^ + mj - ^ sin^ 6w D J' 

The only source of intergenerational mixing is the superpotential, thus in the more general 
case the diagonal elements and must be exchanged to V2^i{Xl^ d^u,d)ij, where ij are 
generation indices. However since the CKM mixing is small and the soft breaking mass terms 
are large compared to the quark masses, these effects are usually negligible. 



+ ml- {-^ ~ \sin^ 9w)D md{Ad - tan /S) 
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4.1.2 Sleptons 

In the same notation the sneutrino masses are: 



Ml = M^ + -D 
L 2 



while for e, n, r the mass matrices are 



m'j + ml — — siiL^ 9w)D me(v4e — /itan/?) 



eL,R 



mi + mz — sin 6wD 



(4.3) 



(4.4) 



4.2 The scalar Higgs sector 

We use the notation 




hi 



The tree level masses are calculated from the mass matrices 



(4.5) 



tree 



2 d{Imh^)d{Imh^j) 



tree 



2d{Reh^i)d{ReUl) 



tree 



dh^ dhj 



1 

2' 



-M^± sin 2P 




-M^ sin 2/3 



-M^sin 2(3 



+ -M^ sin 2/3 



cot/3 -1 
— 1 tan/? 



(4.6) 



where 



m 



]j^+ml^+2^\MH± 



1,2. 



The first mass matrix has eigenvalues (GB eaten by the Z) and M\ (CP odd scalar). 
The second matrix gives the masses for the hght and heavy Higgs bosons: 



{Ml + M|) ± MmI + M|)2 - AM\Ml cos2 2/3 



(4.7) 



The third matrix has eigenvalues (charged GB's eaten by W^) and Mjj± (charged scalars). 

It is important to mention that for some of the Higgs masses the 1-loop corrections can 
be significant. For example from the above formula one would get that < Mz, while 
including 1-loop corrections the corresponding bound will be modified to mh < 150 GeV 

m. 
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4.3 Charginos 

Charginos are mixtures of the charged Higgsinos and the charged gauginos (W^i,2)- The mass 
matrix is given by (A=^ = {W2 ± iWi) /V^)'- 



( A+ h+ A- ) 











M2 


-g2Vi 


\ 




( 


\ 










g2V2 


-/^ 












M2 


g2V2 












X- 




v 


-g2Vi 


-1^ 








I 




\ K 


J 



(4.8) 



The eigenvalues are 
1 



Mr = - 



(M| + + 2M^) ± ^J{Mi + //2 + 2M^y - 4(M2// - sin 2(3)^ 
4.4 Neutralinos 



(4.9) 



Neutrahnos arc the mixture of neutral Higgsinos and the neutral gauginos (^,^3). The 
mass matrix is given by 







g'vi/V2 -g'v2/V2 \ f iB \ 



( -Ml 

-M2 -g2Vi/V2 g2V2/V2 

g\/V2 -g2Vi/V2 

\^ -g'v2/V2 g2V2/V^ /jl 7 



V hi J 



(4.10) 



5 Conclusions 

We have systematically built up the minimal supersymmetric standard model. We have 
started from the particle content of the theory, discussed the superpotential and R-parity. 

Then the question of SUSY breaking and electroweak symmetry breaking have been exam- 
ined. Finally we listed the physical particles of the theory, together with the tree level mass 
matrices. 



Acknowledgements 

I have learned large portions of the material presented here from discussions with Diego 
Castaiio, Daniel Freedman and Lisa Randall and from a series of lectures on this subject at 
TASl '95 presented by Jonathan Bagger and Xerxes Tata. I am especially grateful to Daniel 
Freedman for carefully reading this manuscript and for his encouragement to publish this 
paper originally written as a term paper for his course at MIT on supersymmetry. 



14 



References 

[1] H. Haber, SCIPP-92-33, |hep-ph/ 9306207 . 
[2] H-P. Nilles, TUM-HEP-230-95, |hep-ph/95113T3 . 
[3] H. Baer et. al., FSU-HEP-950401, |hep-ph/9503^ . 
[4] J. Bagger, JHU-TIPAC-96008, |hep-ph/960423^ . 

[5] D.J. Castano, E.J. Piard and P. Ramond, Phys. Rev. D49 (1994), 4882. 

[6] M. Drees and S. Martin, MADPH-95-879, UM-TH-95-02, |hep-ph/9504324 . 

[7] L.E. Ibanez and C. Lopez, Nucl. Phys. B233 (1984), 511, 

L.E. Ibanez, C. Lopez and C. Munoz, Nucl. Phys. B256 (1985), 218. 

[8] J. Wess and J. Bagger, Supersymmetry and Supergravity (Princeton Univ. Press. 1992). 

[9] G.G. Ross, Grand Unified Theories (Addison Wesley 1984). 

[10] X. Tata, UH-511-833-95, |hep-ph/9510287| . 

[11] S. Dimopoulos and H. Georgi, Nucl. Phys. B193 (1981), 150. 

[12] L. Girardello and M.T. Grisaru, Nucl. Phys. B194 (1984), 419. 

[13] U. Amaldi et. al., Phys. Rev. D36 (1987) 1385. 

[14] J. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B257 (1991), 83, 
Phys. Lett. B262 (1991), 477. 



15 



